Formaldehyde emissions from fiberglass and polyester filters used in building heating, ventilation and air conditioning (HVAC) systems were measured in bench-scale tests using 10 and 17 cm 2 coupons over 24 to 720 h periods. Experiments were performed at room temperature and four different relative humidity settings (20, 50, 65 and 80 % RH).
Introduction
Heating, ventilation and air conditioning (HVAC) systems are present in commercial buildings, hospitals, schools, industrial facilities and in a large fraction of the residential building stock in the US. These systems are fitted with filters to remove airborne particles from incoming outdoor air and from recirculated indoor air. Air filtration reduces considerably the burden of airborne particulate matter, thus improving indoor air quality while protecting the fan, motor, heat exchangers and other HVAC hardware. A significant portion of air supplied by an HVAC system is often recirculated indoor air to reduce energy costs associated with heating and air conditioning. Typical HVAC filters do not remove volatile organic compounds (VOCs) and other gas phase pollutants, and may become instead a source of airborne pollutants. 1 A number of studies [1] [2] [3] [4] [5] have shown an association between HVAC filters and lowered perceived air quality, particularly when filters were loaded with particles and dust. Mysen et al. (2006) 6 have shown that air quality improved significantly when filters were removed from the supply duct. HVAC filters and fiberglass insulation may also become substrates for microbial colonies that emit VOCs associated with poor indoor air quality. 7, 8 Chemical reactions can take place on filter media, releasing byproducts to the gas phase. [9] [10] [11] [12] [13] [14] Dust, particulate matter and sorbed chemicals collected on HVAC filter surfaces are susceptible to attack by ozone and other reactive atmospheric species such as hydroxide (OH) radicals and nitrogen oxides. HVAC filters are the first major surface on which these atmospheric species can react during their transit into the indoor environment.
When only outdoor air is supplied, the ozone concentration at the filter surface is approximately equal to its outdoor air concentration (up to 50-100 ppbv in some U.S. cities), which is much higher than typical indoor air concentrations (5-30 ppbv). However, when a mixture of outdoor and recirculated indoor air circulates through HVAC filters, the ozone concentration at the filter surface can be significantly lower. Ozone was shown to react with filter materials and with particles and dust deposited on their surface, leading to partial ozone decomposition and to the emission of low to moderate levels of oxidation byproducts. 4 
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While heterogeneous oxidation on building surfaces has been the chemical process most commonly studied indoors, our recent study showed that some filter types may become sources of formaldehyde even in the absence of ozone. 14 These preliminary results suggested that the reaction involved the decomposition of additives present in the filter media in the presence of water vapor. Fibers used in filtration media and insulation are often coated with binders, adhesives and tackifiers that preserve their integrity and, in the case of filters, improve their efficiency. Often, adhesives and binders for nonwoven filtration media include formaldehyde-based polymeric resins in their formulation. 15 The functional groups present in these filter additives may undergo reaction with water to
give rise to a variety of decomposition products. For example, urea-formaldehyde resins are known for releasing free formaldehyde upon reversible hydrolytic degradation, 16 as illustrated in Scheme 1. 23 Formaldehyde has prominent indoor sources that include building materials, wood-based furnishings, household products and unvented combustion. It is also produced as a byproduct of other indoor chemical reactions. 24 Hence, the contribution of HVAC filter media as a formaldehyde source needs to be assessed in relative terms with respect to those known major indoor sources. In polluted atmospheres, incoming outdoor air may also be considered an additional source. 25 In this study, we measured formaldehyde emission rates from clean HVAC filters exposed to various relative humidity (RH) levels. Laboratory experiments were performed at different air face velocities across the filter media. The emission rates were used to estimate impacts on indoor formaldehyde levels under typical scenarios. In addition, field tests were performed in an office space serviced by an HVAC system containing the same filters used in the bench-scale studies. These tests confirmed that fiberglass filters increased indoor air formaldehyde levels.
Experimental Methods

Bench-scale experiments
The bench-scale experiments used two groups of commercially available HVAC filters corresponding to different brands and models. One group contained four types of fiberglass filters, all from the same filter manufacturer, with different levels of tackifier 6 coatings (F1-F3) and uncoated (F4). The other group contained three types of polyester filters (P1-P3), all from distinct filter manufacturers, two of which had tackifier coatings.
The filters employed in these tests were all non-pleated panel or pad filters of thickness between 2.5 and 5.0 cm. The particle removal efficiency ratings of these filters ranged from MERV 6 to MERV 9. Sample coupons were cut from unused filter and tested under a wide range of relative humidity conditions (from 20% to 80% RH) in order to assess the effect of humidity on formaldehyde emission rates. Bench-scale experiments were performed at a low air velocity of ν = 0.013 m/s and at a higher setting of ν = 0.5 m/s.
The latter is similar to velocities through the media of pleated filters in real HVAC An experimental apparatus similar to that used for low velocity tests has been previously described. 14 Briefly, a clean air supply was split into two streams: one corresponding to dry air and the other saturated by passing through a water bubbler. The experimental setup used for experiments at high velocity has been described previously. 26 Briefly, clean air was circulated through a humidifier and a dilution stream of dry air used to achieve the desired RH. The temperature and RH were monitored downstream of the filter using a calibrated APT logging system (Automated Performance 
Field experiments
One of the filters found to have the highest formaldehyde emissions in laboratory studies (F4) was installed in HVAC units servicing a small unoccupied commercial office space, to evaluate the indoor air formaldehyde concentration increase. A synthetic filter (P1), which in laboratory studies emitted formaldehyde at a low rate, was used as the reference.
Experiments were carried out over a month-long period. The office space consisted of two separate zones, separated by a wall, of 42.7 m 3 and 52.8 m 3 respectively. Each zone was serviced by an independent HVAC unit provided with independent outdoor intake and recirculation duct work. The air flow rates through the supply air registers, return air grilles, and HVAC outdoor intakes were measured using a balometer. Before the experiments were conducted, visible cracks between zones were sealed with tape. Interzonal air leakage was measured by releasing carbon dioxide alternatively in each of the office spaces and monitoring the levels simultaneously in both spaces using CO2 monitors (EGM 4, PP systems). Humidifiers (Honeywell® Cool Moisture Humidifier)
were operated in the spaces during test periods as needed to maintain the indoor RH at 50% or 80%. Indoor air humidity and temperature levels were monitored using temperature and RH loggers (HOBO U10-003, Onset Corporation) and an Automated Performance Testing (APT) system (The Energy Conservatory, Minneapolis). The 8 experimental matrix is presented in Table S experiments and field experiments, with an experimental uncertainty below ±3 %. The samplers were extracted with 2-mL acetonitrile aliquots, and analyzed by HPLC with UV detection (Agilent 1200), following the EPA TO-11 method, which has been validated for the high humidity conditions (up to 80% RH) used in this study. 27 Formaldehyde was quantified with a calibration curve prepared with authentic standards of the DNPH hydrazone derivatives (Sigma-Aldrich, USA). The average formaldehyde concentration in reactants blanks was determined to be equivalent to < 0.02 µg/m −3 . The limit of detection of the method was between 0.1 and 0.2 µg/m −3 .
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Results and Discussion
Bench-scale experiments
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For example, the formaldehyde emission at the end of one month was still over 70% of that measured between 24 and 48 hr exposure for filter F1 under 80% RH.
Fiberglass filters F1 (with a heavy tackifier coating) and F4 (not coated) and three polyester filters (P1-P3) were used to study formaldehyde emissions under high face velocity conditions (ν = 0.5 m/s). Table 1 In separate tests, liquid samples of three different brands/models of tackifiers available commercially were applied to an inert substrate and exposed to a flow of air at 80% RH.
No significant formaldehyde emissions were observed leading to the conclusion that tackifiers do not participate in the hydrolysis reaction. 
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Estimation and comparison of formaldehyde emission rates for different scenarios
The formaldehyde emission rate per unit filter face area EF (in µg/h-m 2 ) for each experiment was calculated as
where f is the air flow rate (m 3 /h) and A is the exposed filter face area (m 2 ). Figure 2 plots formaldehyde emission rate EF as a function of RH for the four fiberglass filters tested. For the filter media for which repeat tests were conducted, the average of replicates was used in Figure 2 . The uncertainty of EF was estimated at ± 25%, arising mainly from the experimental error for Δ[CH2O] determined above (equation S1, supporting information). Flow rates were measured in the lab with a precision of ± 1% using a calibrated flow meter (Bios DryCal or mini-Buck Calibrator M-5) The uncertainty associate with the area measurement is negligible. Results indicate that the formaldehyde emission rate increased as RH increased for all four fiberglass filters regardless of tackifier loading, and that the effect was not linear. The formaldehyde emission rate at 80% RH increased about 5 -7 times compared to that at 50% RH. The limited data measured at 50%, 65% and 80% RH for filter F1 and F4 indicated an approximate exponential increase in emission rate with RH as shown in Figure 2 . The strong dependence of formaldehyde emission rate on relative humidity suggests hydrolysis is possibly the main mechanism causing formaldehyde emission. In addition, the emission rates from fiberglass filters with tackifier coatings (F1, F2 and F3) were similar regardless of the amount of tackifier coating for all RH levels, but were significantly lower than that from the otherwise identical fiberglass filter without tackifier.
This finding implies that other additives (such as fiberglass binders), rather than the tackifier, are likely to be the main source of formaldehyde emission. This is further indicated by the fact that formaldehyde emission was much lower for all tackfier-coated polyester media even at 80% RH. Although high emissions from fiberglass filter products have not been previously reported, formaldehyde emission from other fiberglass building products that use formaldehyde-based binders (such as fiberglass insulation) has been recognized and reported as a significant indoor source of formaldehyde. (Table S2) . From the humidity measured indoors and outdoors and the air flow rates, the RH at the filters ranged between 38% and 52%, with an average of 44%, when the humidity indoors was maintained at 50%. The RH at the filters ranged from 69% to 83%, with an average of 71%, when indoor RH was maintained at 80%.
Formaldehyde emissions
In field measurements, the background indoor air formaldehyde levels with filter type P1 installed in the HVAC units were (10.3 ± 0.5) and (9.5 ± 0. To provide another comparison, during week 3 filter P1 was installed in Zone 1 and filter F4 was installed in Zone 2, with indoor RH maintained at 80% indoors in both zones. The formaldehyde concentration in zone 2 was significantly higher than formaldehyde concentration measured simultaneously in zone 1, as shown in Figure 4 . It should be noted that the background concentration in both spaces was very similar; thus, the higher formaldehyde concentration in zone 2 can be almost exclusively attributed to filter type F4 installed in the HVAC unit. 
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Implications for indoor formaldehyde levels
The largest increases in indoor formaldehyde concentrations were estimated based on the highest steady-state emission rate measured for fiberglass filter media (F4) at high velocity (0.5 m/s) in bench studies. Assuming all outdoor air passes through the air filter,
i.e., there is negligible outdoor air entry into the building via infiltration or other process that bypass the filter, and that emission rates from other sources are unaffected by the formaldehyde released from filters, the incremental increase in steady-state indoor air concentration caused by the filter is equal to the concentration increase across the filter.
Therefore, for a building using high-emitting HVAC filter(s), it is expected that the indoor formaldehyde concentration would increase by 4 and 6 µg/m 3 when the filter is exposed to 50% RH and 80% RH, respectively (Table S-3, Supp. Info). These levels are comparable to reference exposure levels for chronic exposures set by the California EPA. 22 In commercial buildings, the mixed air section of the HVAC system (combining outdoor and return air) is the most common location for particle filters. For nearly 100% recirculated indoor air, RH at the filter will be the same as indoors. HVAC systems often operate air-side economizer during moderate weather conditions to enable "free" cooling.
When the system is operating in the economizer regime, outdoor air increases beyond the minimum ventilation requirements up to 100% of the total supply airflow, and the filter may be exposed periodically to high RH in humid climates. However, under economizermode conditions, the air temperature at the filters may be substantially less than room temperature. Formaldehyde emission rates from indoor sources decrease with lower air temperature. 17 If the formaldehyde emission rates from filters decrease with air temperature, its impact on indoor levels may be less than those indicated in Table S-3. In order to estimate the duration of formaldehyde emissions from filters after being installed, the mass of polymers, binders and other extractable materials present on the Additional experiments that quantify these effects are needed in order to predict more precisely the impact of emissions from such filters on indoor formaldehyde concentrations. In addition, only a very limited number of fiberglass filters, all from a single manufacturer, were employed in this study. Evaluations of formaldehyde emissions from a larger variety of fiberglass filters are needed before drawing general conclusions about formaldehyde emission from fiberglass filters.
